The recent measurement of the Higgs boson mass implies a relatively slow rise of the Standard Model Higgs potential at large scales. A scalar field with such a potential develops a large vacuum expectation value at the end of inflation. The relaxation of the Higgs field from its large postinflationary value to the minimum of the effective potential represents an important stage in the evolution of the universe. During the Higgs relaxation, the time-dependent Higgs condensate can create an effective chemical potential for the lepton number, leading to a generation of the lepton asymmetry in the presence of some large right-handed Majorana neutrino masses. The electroweak sphalerons redistribute this asymmetry between leptons and baryons. The Higgs relaxation leptogenesis can explain the observed matter-antimatter asymmetry of the universe even if the Standard Model is valid up to the scale of inflation, and any new physics is suppressed by that high scale. The epoch of Higgs relaxation might have other observable consequences, for example, primordial magnetic fields.
The recent discovery of a Higgs boson with mass 125 GeV [1, 2] implies that the Higgs potential is very shallow (and may even be unbounded from below), assuming that the Standard Model is valid at high energy scales [3] . During cosmological inflation, any scalar field with a shallow potential does not remain in its Minkowski vacuum state, but develops a stochastic distribution of values, all of which are away from zero [4] [5] [6] . The relatively shallow Higgs potential implies, therefore, that the Higgs field had a large vacuum expectation value (VEV) in the early universe at the end of inflation. After inflation is over, the relaxation of the Higgs field to its vacuum state occurs via a coherent motion.
In this work we explore the epoch of Higgs relaxation. We show that the observed matter-antimatter asymmetry could arise during this epoch. The same process could also give rise to primordial magnetic fields. The Sakharov conditions, necessary for baryogenesis, are fulfilled by the presence of the out-of-equilibrium Higgs condensate evolving with time, the neutrino Majorana masses that violate the lepton number, and the CPT violation due to the motion of the condensate.
The Standard Model Higgs boson has a tree-level po-
where Φ is an SU(2) doublet. By means of a gauge transformation, one can write the classical field as Φ = 1/ √ 2){e iθ φ, 0 , where φ(x) is real. Loop corrections substantially modify this potential at large VEVs. For the experimentally preferred top and Higgs mass values, the φ = v EM = 246 GeV minimum appears to be metastable [3] , which entails a number of important ramifications [9] . However, a stable vacuum is still possible within the experimental uncertainties [3] . In this case, it is reasonable to approximate the potential as V eff = λ eff (φ)φ 4 /4, where
Here b = 0.4/(4π) 4 [3] , the allowed range for λ * is from 0 to ∼ b/16, and φ * is the VEV at which the beta function for the quartic coupling vanishes. For our numerical calculations, we will use λ * = 3·10 −6 and φ * = 7.2·10 18 GeV for φ ≪ φ * . The relevant values of the VEV are φ ≪ φ * .
During inflation, scalar fields develop a nonzero VEV [4] [5] [6] [7] [8] , which is greater for those fields with a slower rising potential. The simple qualitative reason is that, in a de Sitter space, a scalar field can perform a quantum jump from the minimum of the effective potential to some higher value [4, 10] . The subsequent relaxation, by means of a classical motion, requires a time of the order τ φ ∼ d 2 V /dφ 2 . If the Hubble parameter H ≫ τ φ , then relaxation is too slow and quantum jumps occur frequently enough to maintain a large VEV. Averaged over superhorizon scales, the average Higgs VEV is such that V (φ) ∼ H 4 [4, 10, 11] , or
where H I = 8π/3Λ 
Higgs relaxation commences at the early stages of reheating, the energy density is never dominated by the Higgs field. Reheating via inflaton I decays into the Standard Model particles is most efficient when the inflaton decay width Γ I ∼ H RH , which can occur at a much later time. The resulting reheat temperature T RH ∼ √ Γ I M P ≪ H I is allowed over a broad range of values [12] .
The large expectation value of the Higgs field makes its dynamics sensitive to higher-dimensional operators which are normally suppressed by some power of a high scale. A number of different operators can play an important role in Higgs relaxation. We will consider the following example:
Here M n is the scale of new physics, and j µ is the fermion current, whose zeroth component is the density of (B + L). The dimension-six operator O 6 has been considered in models of baryogenesis [13, 14] . This effective operator can be generated via a mixed SU(2)×U (1) anomaly, via a loop with some high-scale fermions such as those that appear in high-scale supersymmetry [13, 14] , or by some other new physics associated with the scale M n . For a time-dependent Higgs VEV, O 6 can serve as an effective chemical potential for the sum of the baryon and lepton numbers (B + L).
While the Higgs field φ(t) is in motion, the Lagrangian contains the term (µ eff j 0 B+L ), where
The term (µ eff j 0 B+L ) breaks CPT and shifts the energy levels of leptons as compared to antileptons [15] . Lepton number violating processes allow the system to lower its free energy at some value of (B + L) = 0. Since (∂ t |φ| 2 ) changes sign during the oscillations of the Higgs field φ, there is partial cancellation between the times when the effective chemical potential is positive and when it is negative, but this cancellation is not exact due to the decrease in the amplitude of the Higgs field.
We assume the standard seesaw [16] mass matrix for neutrinos, with a Majorana mass M R ≫ φ 0 . The Majorana mass allows for processes violating the lepton number L (and, therefore, (B + L)). In the presence of Majorana mass terms, the effective lepton number L is the sum of the lepton numbers of the charged leptons and the helicities of the light neutrinos. This is conserved in the limit M R → ∞. This approximate conservation law is violated by processes involving an exchange of a heavy Majorana neutrino, some of which are shown in Fig. 1 .
Depending on the value of φ(t), the weak interactions, mediated by heavy weak bosons with masses M W ∝ φ(t), may be in equilibrium or out of equilibrium. Similarly, neutral Higgs boson h 0 , which also has a mass ∼ φ(t), may or may not be in equilibrium in the plasma created by inflaton decay. When φ(t) is close to zero, weak interactions equilibrate the distributions of charged and neutral leptons. For a very large Higgs VEV, the particle numbers for each lepton flavor are conserved separately.
The lepton number violating processes change the density of (B − L) charge, which is conserved in all other processes, including the sphaleron transitions. At the same time, the U(1) symmetry corresponding to (B + L) is anomalous, and the sphaleron transitions can change this quantity at a characteristic rate per unit volume the Higgs VEV this rate can change dramatically from a slow rate, when B and L are conserved separately (for a large VEV), to a rapid rate, at which B and L densities approach the equilibrium values such that n B = (28/79)n B−L . This further complicates the problem. However, once the asymmetry in L develops, the sphaleron transitions do not change L by more than a factor of order 1. Therefore, it is appropriate to concentrate on either the lepton number or on (B − L) for order-of-magnitude estimates. The rate of lepton number violating (and (B − L) violating) processes per unit volume due to the diagrams shown in Fig. 1 can be estimated as (Γ / L /Vol) ∼ T 6 σ R , where σ R is the thermally-averaged cross section of the interactions involving the heavy neutrino exchange. The exact rate depends on the temperature of the plasma and the flavor structure in the Yukawa matrix Y ij that enters in the neutrino mass matrix, which is not known. However, one can estimate
where M R,j are the right-handed neutrino masses, and the reheat temperature is assumed to be too low to produce on-shell right-handed neutrinos. Based on detailed balance, one can describe the evolution of the particle number densities for leptons n i = n(L i ) − n(L i ) by a system of Boltzmann equations. One expects the lepton number density n L = n ν − n ν to relax to its equilibrium value ∼ µ eff T 2 linearly, which gives the approximate equation
Here µ eff is the time-dependent effective chemical potential defined in Eq. (4). The effective temperature of the plasma is defined through its radiation density, which comes from decays of the inflaton I and evolves with time as [17] 
The approximate equation (6) can be analyzed in two regimes: during the relaxation of the Higgs field (µ eff (t) = 0) and during the subsequent cooling of the universe (µ eff = 0). During the Higgs relaxation, which occurs on the time scale of the order of H −1 φ ,
As the Higgs field oscillates, the equilibrium value of n L is
However, the relevant reactions may not be fast enough to equilibrate to this value before the Higgs VEV approaches zero at t rlx ≈ 6/ √ λφ 0 . In this case, the maximum asymmetry reached by the end of Higgs relaxation at time t rlx is
where T rlx is temperature at t rlx . After the Higgs relaxation is completed at t rlx , the generated lepton asymmetry can be partially washed out by the heavy neutrino exchanges until these processes go out of equilibrium. During washout, Eq. (6) can be re-written as
where N L ≡ n L a 3 is the lepton number per comoving volume. The washout stops when T 3 σ R H. In some range of parameters, the reactions go out of equilibrium during the initial roll down of the Higgs VEV, after which there is no significant washout. In this case, N L = n L a 3 approaches an asymptotic constant nonzero value. We will focus on this case because it leads to a successful baryogenesis.
We have analyzed the evolution of the asymmetry numerically. The results for one choice of parameters are presented in Fig. 2 . These parameters are consistent with the observed baryon asymmetry of the universe. The Majorana mass is larger than the temperature at all times, which ensures the lack of right-handed neutrinos in plasma. The new physics responsible for the operator O 6 is assumed to exist at a scale of the order of f × M n , where f is a dimensionless constant. Although for our parameters M n ∼ T max , we assume that the only effects new physics on the Higgs relaxation and leptogenesis are via the operator O 6 .
One can see that the lepton asymmetry grows during the Higgs relaxation. After the Higgs field settles in the minimum of the potential, the asymmetry decreases due to a partial washout as well as dilution by the entropy produced in the inflaton decays. Between the start of the oscillations and the end of reheating, the temperature evolves the scale factor as T f = T i (a i /a f ) 3/8 . In the absence of washout, n f ≃ n i (T f /T i ) 8 . The temperature at t rlx can be inferred from Eq. (7):
The asymmetry after reheating is
where Y rlx is the value at the end of Higgs relaxation epoch.
The numerical solution shown in Fig. 2 shows that an asymmetry Y f ∼ 10 −8 is achieved at the end of reheating, for the values of parameters listed in the caption. As the universe cools down, the Standard Model degrees of freedom go out of equilibrium, and the entropy production reduces the value of the baryon asymmetry by a factor ξ ≈ 30. This brings the final asymmetry to the observed value of the order of 10 −10 . As discussed above, the sphaleron processes redistribute this asymmetry between lepton and baryon numbers, as in the case of thermal leptogenesis [18] , leading to a successful baryogenesis. 8 GeV, Mn = 10 14 GeV, and MR = 9 × 10 14 GeV. The maximum temperature during reheating is Tmax = 2 × 10 14 GeV. The first dashed line corresponds to the time when φ first crosses zero. The second dashed line corresponds to the beginning of radiation-dominated era.
In addition to baryogenesis, the epoch of Higgs relaxation can provide the necessary conditions for primordial magnetogenesis [19] , the process which could provide seeds for the galactic magnetic fields and which could explain the observed femtogauss fields deep in the voids [20] . The oscillating Higgs field, after multiple oscillations, could produce the magnetic fields [21, 22] with a helicity related to the (B+L) asymmetry [23] . A detailed discussion of this process will be presented elsewhere.
We have investigated the epoch of Higgs relaxation, which generically occurs at the end of inflation if the Higgs potential is sufficiently shallow, as in the Standard Model. In particular, we have shown that this matterantimatter asymmetry could be generated during Higgs relaxation. While the Higgs condensate is in motion, CPT is spontaneously broken, and the lepton number asymmetry can be generated by lepton-number-violating interactions mediated by a heavy right-handed neutrino.
The asymmetry develops in response to the difference in the energies of leptons and antileptons driven by an effective chemical potential generated by the rolling Higgs field. The electroweak sphalerons redistribute the asymmetry between the leptons and baryons, leading to a baryon asymmetry large enough to explain the observed matter-antimatter asymmetry of the universe. The epoch of Higgs relaxation could have had other observable consequences, which will be discussed elsewhere.
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